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Using a low-temperature conductive-tip atomic force microscope in cross-section geometry we
have characterized the local transport properties of the metallic electron gas that forms at the in-
terface between LaAlO3 and SrTiO3. At low temperature, we find that the carriers do not spread
away from the interface but are confined within ∼10 nm, just like at room temperature. Simulations
taking into account both the large temperature and electric-field dependence of the permittivity of
SrTiO3 predict a confinement over a few nm for sheet carrier densities larger than ∼ 6× 10
13 cm−2.
We discuss the experimental and simulations results in terms of a multi-band carrier system. Re-
markably, the Fermi wavelength estimated from Hall measurements is ∼16 nm, indicating that the
electron gas in on the verge of two-dimensionality.
PACS numbers: 73.20.-r, 73.40.-c, 07.79.Lh
The range of functionalities displayed by transition
metal oxides spans from superconductivity to magnetism,
ferroelectricity and even multiferroic behavior [1, 2, 3],
and is further extended by the unexpected effects that
may appear at their interfaces [4]. Examples include the
observation of a ferromagnetic insulating state at the in-
terface between two antiferromagnetic insulators [5], the
prediction of a half-metallic electron gas at the interface
between two antiferromagnetic manganites [6] and the
suppression of superconductivity in manganites/cuprate
superlattices [7].
Possibly the most studied oxide interface system so
far is the high-mobility metallic state that appears in
heterostructures combining two band insulators, namely
in LaAlO3//SrTiO3(001) [8]. While doping the SrTiO3
(STO) substrate with oxygen vacancies during growth is
known to also produce an extended, bulk-like [9] high-
mobility metallic behaviour [10, 11], a confined metallic
electron gas can be formed at the LAO/STO interface
(LAO : LaAlO3) under suitable growth and annealing
conditions [12, 13, 14]. This metallic state has recently
been shown to transform into a superconductor below
critical temperatures on the order of 200 mK [13]. Im-
portantly, a clear two-dimensional behavior was found in
this superconductive regime. In contrast, while a ”quasi-
two-dimensional” behavior has been indirectly inferred
in the metallic regime [12], a comparison between the
gas thickness and the Fermi wavelength (determining
whether quantum confinement along one direction can
emerge or not) has not hitherto been carried out.
In this Letter we report conductive-tip atomic force mi-
croscopy (CTAFM) experiments [15, 16, 17] at 300K and
8K in cross-section LAO/STO samples and simulations
of the charge carrier distribution for different sheet car-
rier densities. Resistance (R) mappings collected with
a lateral resolution of a few nm reveal that a confined
conductive metallic gas is present at the interface over a
thickness of a few nm both at room and low temperature.
We show theoretically that when the large electric-field
dependence of the permittivity χ is taken into account,
the gas actually remains confined even at low tempera-
ture, in agreement with experimental results but in con-
trast with previous reports [18]. Finally, we compare
the electron gas thickness with the Fermi wavelength and
suggest that the interfacial electron gas may indeed be
quantized in the growth direction.
The sample studied in this paper is a 2 nm LAO film
grown at 750◦C in an oxygen pressure of 10−6 mbar onto
a TiO2-terminated STO(001) substrate. After growth,
the sample was cooled down to room temperature in 300
mbar of oxygen to avoid doping the whole STO substrate
with oxygen vacancies [10]. Finally a 200-nm thick amor-
phous LAO layer was deposited at room temperature
onto the epitaxial 2 nm LAO film. To connect the in-
terfacial gas a set of 500 µm × 500 µm squares were
etched through the LAO and Al/Au contact pads were
lifted off. Standard Hall effect measurements indicated
the low temperature sheet carrier density and mobility
to be n2D=3 × 10
13 cm−2 and µ=650 cm2/Vs, respec-
tively [14]. A part of the sample was used to prepare a
cross-section specimen cutting across some of the Al/Au
contacts (see Ref. 14 for preparation details). To acquire
resistance maps during the cross-section CTAFM experi-
ments one of these contacts was connected by silver paste
and used to measure the tip-sample resistance.
The room-temperature CTAFM measurements were
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FIG. 1: (Color online) CTAFM images in cross section ge-
ometry collected at 300K (a) and 8K (b). Corresponding
conductance profiles (c,d). The inset in (d) shows the same
data in logarithmic scale.
performed in a Veeco Nanoscope IV setup as described
in Ref. 14. The low-temperature experiments were car-
ried out in the application lab of Attocube Systems AG
using an attoAFM I setup in an exchange gas insert in
a liquid He cryostat. In both cases the AFM systems
were equipped with a high-performance current measure-
ment module developed by Houze´ et al [15]. Nominally
identical CrPt-coated tip were used for both types of ex-
periments. The tip-sample current was collected while
scanning the sample at a tip-sample bias voltage of -
1V (tip-grounded). The topography and resistance were
acquired at the same time, which allowed for a precise
location of the LAO/STO interface.
The results are summarized in Fig. 1. At room tem-
perature, the bulk of the STO substrate and the LAO film
are fully insulating (Rtip−sample >10
10 Ω) and a very thin
highly conductive region is present at the LAO/STO in-
terface. At 8K the conductive region has a slightly larger
thickness but is still confined close to the interface. A
more quantitative estimate of the metallic gas thickness
can be inferred from the conductance (G) profiles shown
in Fig. 1c and d. The full width at half-maximum of the
G vs tip position peak is ∼4 nm at 300 K and ∼12 nm at
8K. As visible from the inset of Fig. 1d, the conductance
increases by about five orders of magnitude just at the
interface.
The very low electron gas thickness measured at 8K is
surprising in view of the giant permittivity (χ > 20000)
of STO at low temperature [19] that has been predicted
to spread the carriers away from the interface [18]. To
get more insight into this apparent inconsistency, we have
carried out simulations of the carrier distribution in STO
taking into account the high non-linearity of the permit-
tivity constant χ for very large electric fields. We assume
a Thomas-Fermi distribution of the carriers, which is ap-
propriate for the cases that follow. Consequently, the
carrier density n(z) is linked to the electrical potential
eV (z) = EF − EC(z) by
n(z) = (2m∗/~2)3/2[EF − EC(z)]
3/2/3π2 (1)
taking into account the spin degeneracy. EF is the
Fermi energy and EC(z) the conduction band profile.
m∗ is the effective mass of the Ti t2g bands of STO [20]
that is related to both longitudinal (m‖) and transverse
(m⊥) electronic masses and to the orbital degeneracy ν
through [20]:
m∗ = ν2/3(m‖m
2
⊥)
1/3 ≃ 4 (2)
We obtain the variation of the band profile EC by solv-
ing Poisson’s equationDiv[D] = e×n(z) self-consistently
in the continuous limit with D = ǫ0E + P where E =
− 1e
∂EC
∂z is the local electric field and P = ǫ0χ(E)E the
local electrical polarization in STO. Unlike Siemons et al
[18], we assume a field-dependent permittivity constant
of the following form:
χ =
χ0
1 + E/EC
(3)
where EC =
PSat
ǫ0χ0
accounts for a finite polarization PSat
in STO [20, 21]. However, it is important to note that
this particular variation form for χ must not be confused
with the one given in the literature [22, 23, 24] that gen-
erally expresses the field-dependence of the dynamical
permittivity
χ˜ =
1
ǫ0
∂P
∂E
(4)
in the regime of small electric fields. Quite astonish-
ingly, experimental data give an identical electric field-
dependence for χ˜ according to
χ˜ =
χ0
1 + E/E∗C
(5)
Using this expression and data from Ang et al. at
10 K [23], Christen et al. [24] and Neville et al. [22], it
is possible to extract a value of E∗C of the order of 110
kV.m−1 and χ0=24000. We feel that the particular form
of Eq. (3) expresses a more physical dependence on E for
χ at high electric field where EC and E
∗
C are linked by
EC = E
∗
C ln{1 +
< E >
E∗C
} (6)
< E > being a spatial average of the electric-field ampli-
tude near the LAO/STO interface. From the value of the
3saturated polarization PSat in STO of 0.1 C.m
−2 [22], we
can extract a critical electric field EC of 470 kV.m
−1, a
value that we consider henceforth.
Fig. 2a displays the carrier density profiles in STO
corresponding to a sheet carrier density of n2D = 3.3 ×
1014 cm−2 corresponding to half of an electronic charge
per unit cell necessary to avoid the polar catastro-
phe [12, 25]. The latter profile has been calculated at
a discretization step of 0.2 nm corresponding to the dis-
tance between two atomic planes and in the limit of a
vanishing electric field in STO far away from the inter-
face. We either took into account the field-dependence of
χ of Eq. (3) or consider a constant χ = χ0. In the former
case, the carriers are strongly confined at the LAO/STO
interface, while in the latter the carrier density shows
a smooth and gradual decrease. More quantitatively,
we can define the critical thickness ξ as the distance
at which the local carrier density is reduced by a factor
of 1000 from the value just at the LAO/STO interface.
Within the case of Eq. (3) we find ξ=15 nm, while for
χ = χ0 = 24000, ξ=160 nm. We note that simulations
with a constant χ = χ0 = 300 (room-temperature case)
yield ξ ≃13 nm, in agreement with Ref. 18.
Fig. 2b shows that the strong carrier confinement ob-
tained in the case of Eq. (3) is related to the presence of
a very large electric field at the interface (∼1 V.nm−1).
Note that although the electric field is indeed huge at
the interface, the total potential rise does not exceed 600
meV (inset of Fig. 2b) for the fourth atomic planes at
the vicinity of the LAO/STO interface. Remarkably, this
potential rise amplitude matches well that found by re-
cent first-principles calculations [26]. This strong electric
field variation produces a giant decrease of χ close to the
interface, as shown in Fig. 2c. When the variation of
χ with the electric field is taken into account we find a
value of ξ=15 nm that agrees very well with the metallic
gas thickness of ∼12 nm measured at 8K by CTAFM (see
Fig. 1b and d). This definitely confirms that the field
dependence of χ is an essential ingredient to describe the
system at low temperature.
To obtain a more general description of the LAO/STO
system at low temperature, we have carried out simi-
lar simulations for a range of n2D including typical ex-
perimental values from the literature [12, 13, 25, 27]
and the theoretical value n2D=3.3 × 10
14 cm−2 [8]. On
Fig. 3 (right axis), we have plotted the electric field
at the LAO/STO interface Ez=0 as a function of n2D.
E
z=0 rises sharply by more than three orders of mag-
nitude beyond a certain sheet carrier density threshold
nlim2D = PSat/e ≈ 6× 10
13 cm−2 and electric field Ez=0lim =
PSat/(ǫ0χ0) ≈ 4.7 kV .cm
−1. This critical variation of
E
z=0 with n2D defines two regimes for ξ(n2D) (Fig. 3,
left axis). When Ez=0 < Ez=0lim (n2D
<
∼ 6×10
13cm−2), the
carriers are spread over hundreds of nm due the efficient
screening of the interface charges by the large permittiv-
ity. In contrast, for Ez=0 > Ez=0lim (n2D > 6× 10
13cm−2),
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FIG. 2: (Color online) (a) Carrier density profile at 10 K
for n2D=3.3 × 10
14 cm−2. Calculations are performed either
with χ constant (as approximated by Siemons et al. [18]) or
with a more realistic variation of χ with the electric field, see
the inset in (c). (b) Dependence of the local electric field
with the distance from the LAO/STO interface. The inset
shows the corresponding potential profile. (c) Dependence of
the dielectric constant with the distance. The electric-field
dependence of χ is shown in the inset.
the giant increase of the electric field causes a strong re-
duction of the permittivity (as in Fig. 2c), which weakens
the screening efficiency and confines the carriers over a
few nm close to the interface.
The critical two-dimensional carrier density n2D =
6 × 1013cm−2 that delimits the confinement regime of
the electron gas at the LAO/STO interface appears, at
least, two times larger than the carrier density extracted
from standard Hall measurements. This suggests that
only a part of the carriers screening the electric field at
the LAO/STO interface effectively take part to the elec-
trical transport. This may indicate different mobilities
within the t2g Ti bands or even some localization effects
for a certain type of electrons [28]. Although this simple
4tem, we note that (i) the very high value of the electric
field and (ii) the low critical thickness obtained for large
n2D values (> 10
14 cm−2) and extrapolated from the
continuous limit would require a rigorous ab initio treat-
ment taking into account relaxation processes on atomic
positions and atomic polarization [28, 29, 30, 31].
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FIG. 3: (Color online) Dependence of the critical thickness
ξ and the maximum interfacial electric field with the sheet
carrier density.
In summary, we have performed high and low-
temperature conductive-tip AFM experiments in cross-
section LAO/STO samples close to the interface. In
both cases, we have found that the electron gas was
confined over a typical thickness of ∼10 nm, in contrast
with previous predictions of a much broader extension at
low temperature [18]. We show theoretically that when
the strong electric-field dependence of the permittivity
in STO is taken into account the electron gas is indeed
expected to be confined within a few nm both at low
temperature and 300K. From the measured sheet carrier
density and the electron gas thickness, we estimate the
Fermi wavelength at low temperature to λF ≃ 16 nm [11],
i.e. comparable to the gas thickness. The metallic gas is
thus on the verge of two-dimensionality and it might be
possible to induce a transition towards a pristine quan-
tized state by adjusting the carrier density, e.g. with an
electrostatic gate [27].
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